ABSTRACT: The interaction of low-energy photoelectrons with well-ordered monolayers of enantiopure helical heptahelicene molecules adsorbed on metal surfaces leads to a preferential transmission of one longitudinally polarized spin component, which is strongly coupled to the helical sense of the molecules. Heptahelicene, composed of only carbon and hydrogen atoms, exhibits only a single helical turn but shows excess in longitudinal spin polarization of about P Z = 6 to 8% after transmission of initially balanced left-and right-handed spin polarized electrons. Insight into the electronic structure, that is, the projected density of states, and the spin-dependent electron scattering in the helicene molecule is gained by using spin-resolved density functional theory calculations and a model Hamiltonian approach, respectively. Our results support the semiclassical picture of electronic transport along a helical pathway under the influence of spin−orbit coupling induced by the electrostatic molecular potential.
C hiralitythe occurrence of objects being either left-or right-handedplays a pre-eminent role in the biological world as well as in chemical and materials science. 1 This includes enantioselective catalysis of chiral molecules, 2 liquid crystal displays, 3 and dissociative electron attachment. 4 Early work of Farago and Kessler showed that spin-polarized electrons scatter asymmetrically from chiral molecules when they contain a heavy metal atom; 5, 6 however, the magnitude of the differential effect was only on the order of 10 . Recently, it has been shown that surface-oriented helical polymers, such as DNA or oligopeptides, can show a substantial filtering effect for spin-polarized electrons, with a strong preference for the transmission of only one spin component. 7, 8 It is anticipated that this property is expected to be highly beneficial for applications in spintronic devices or for enantioselective chemistry, 9, 10 in particular, for spin-polarized electron sources on the nanoscale. However, the physical origin of this effect, also termed "chirality-induced spin selectivity (CISS)", 7, 11 has not yet been fully elucidated and is still the subject of intensive debate. 12−17 Because of their outstanding optical properties, conjugated organic helical molecules, so-called helicenes, are promising candidates for new functional materials and devices. 18, 19 A recent model calculation predicts energy-dependent longitudinal spin polarizations, that is, polarized parallel to the surface normal, of up to P Z = 25% for electrons transmitting through all-carbon helicenes with three full helical turns. 20 The molecule heptahelicene ( [7] H, C 30 H 18 , Figure 1a ) comprises seven [a,c]-annulated benzo groups, which introduce steric overcrowding such that not all rings fit into a single plane, thus leading to a single helical turn. 21 Consequently, two mirror-related enantiomers exist, (M)-and (P)-heptahelicene (M for minus, P for plus). The adsorption of [7] H has been previously studied on various single-crystal metal surfaces, 22 where its lower rings are basically aligned parallel to the surface and the rest spiral upward (Figure 1b) . 23 For the pure enantiomers, defined monolayer structures have been observed on Cu(332), Cu(111), Cu(100), Ag(100), Ag(111), and Au(111).
23−27
The corresponding example for Cu(111) is shown in Figure 1c .
To shine light into the mechanism of CISS, we present a study performed with monolayers of heptahelicene molecules on copper, silver, and gold surfaces. Photoelectrons for transmission through the molecular layer are generated in the metallic substrate by ultraviolet laser pulses (λ = 213 nm; hν = 5.83 eV) (Figure 1d ). Already a monomolecular enantiopure layer shows a pronounced electron spin filtering effect, as identified with a Mott polarimeter (Figure 1d ). Monolayers with molecules of opposite helical sense cause inversion of the preferred spin direction, delivering unprecedented insight into the relation between helical sense and the sign of preferred electron spin polarization. The experimental studies are complemented by first-principles calculations of the electronic structure of helicene on Cu(332), Ag(110), and Au(111) and by a phenomenological Hamiltonian model approach for the evaluation of the transmitted spin polarization. Figure 2 shows histograms of measured longitudinal spin polarization P Z of electrons transmitted through [7] H on Cu(332). P Z is defined as:
where I ↑,↓ denotes the count rates in the two detectors and S eff is the effective Sherman function. For the present Mott detector S eff has been calibrated to S eff = −0.18. 8 The motivation for using the Cu(332) surface as substrate was the previously determined uniazimuthal alignment of the (M)- [7] H enantiomer on this stepped surface and potential consequences for the CISS effect. 23 The center panel in Figure 2 shows results for the clean Cu(332) surface, the left and right panels for (M)- [7] H and (P)- [7] H, respectively. As expected for a light, nonmagnetic metal, the spin polarization of electrons emitted from the clean copper surface is essentially zero within the error bars for all light polarizations. The [7] H-covered surface shows a distinct enantiospecific finite spin orientation of the electrons, independent of the light polarization employed (Table 1 ). For excitation with linearly polarized light, which initially generates electrons with both spin orientations at equal amount, the transmission through (M)- [7] H results in a spin polarization of P Z = −(6.7 ± 0.6%) and through (P)- [7] H in a spin polarization of P Z = +(5.5 ± 0.6%). For (M)- [7] H/Cu(332), excitation with clockwise (cw) and counterclockwise (ccw) circularly polarized light (CPL) results in spin polarizations of P Z = −(6.0 ± 0.6%) and P Z = −(6.3 ± 0.6%), respectively. For the (P)- [7] H layer the polarizations amount to P Z = +(6.1 ± 0.6%) and P Z = +(4.4 ± 0.6%) for cw and ccw polarization, respectively. In general, this means that electrons with negative spin polarization, that is, those with their spin orientation antiparallel to their momentum, are preferentially transmitted through the (M)- [7] H monolayer, while electrons transmitted through (P)- [7] H show an excess of positive spin polarization. Consequently, the preferential direction of the spin polarization of the electrons transmitted through the helicene molecules depends on the enantiomer adsorbed and therefore on the sense of the helicity of the molecules in the monolayer.
The average longitudinal spin polarization of electrons traversing enantiopure [7] H adsorbed on Ag(110) is quite similar to those of the copper substrate (Table 1 , Supporting Information (SI) Figure S1 ). With respect to copper, the heavier mass of the silver atoms results in a larger intrinsic spin−orbit coupling (SOC) for the clean surface of −2.5 and +2.5% when excited with cw and ccw CPL, respectively. When using CPL (Table 1) this intrinsic SOC effect adds to the CISS effect induced by the [7] H monolayers. In sign and magnitude, however, the CISS effect on Ag(110) in connection with the sense of helicity is basically identical to Cu(332). The CISS effect was also evaluated in enantiopure helicene monolayers adsorbed on Au(111). Because of the large SOC of gold the clean substrate shows a significant spin polarization of −24.2 and +26.7% when excited with cw and ccw CPL, respectively (SI Figure S2) . Again, the CISS effect induced by the [7] H monolayer readily adds to this intrinsic spin polarization: A spin polarization of +7.9% results for linearly polarized light for (P)- [7] H/Au(111) and −16.0% and +34.1% for cw and ccw CPL, respectively (Table 1, SI Figure S2 ). The (P)- [7] H increases in all cases the spin polarization of transmitted electrons by ∼8% toward more positive spin, while (M)- [7] H decreases it toward more negative spin by about the same absolute amount. In particular, a substrate-mediated SOC, which has been suggested to play an important role in CISS, 28 therefore seems to be of no major importance. The total difference in spin polarization induced by the (M)-and (P)-enantiomers, ΔP Z , is more or less similar for all substrates and amounts to 11.7, 15.9, and 15.7% for Cu(332), Ag(110), and Au(111), respectively.
In early multiple scattering calculations by Blum and coworkers, randomly oriented gas-phase chiral molecules, such as H 2 S 2 and halogenated methane, displayed a finite polarization for scattering of unpolarized electrons. 29 Similarly, an intensity attenuation of longitudinally polarized electrons was theoretically found when these electrons passed through optically active molecules. 30 At low electron energies, a decrease of up to ΔI ≈ 7 × 10 −3 was calculated, which diminished to about ΔI ≈ 5 × 10 −5 at E = 10 eV. 30 Moreover, it was predicted that scattering on oriented chiral molecules should lead to a stronger increase in the spin polarization as well as a strong attenuation of electrons that are unfavorably longitudinally polarized. Similar multiple scattering calculations have recently been extended to organized self-assembled monolayers by Mujica and coworkers, 15 where spin polarizations up to P Z = 20% at certain kinetic energies were predicted for helical model systems.
It seems unlikely that light carbon atoms, which are very little parity-disturbed, are responsible for the observed CISS. It is more probable that extended molecular states with their helical shape enforce electrons onto a helical pathway. To shine light into this latter issue, spin-resolved density functional theory (DFT) calculations including spin−orbit coupling effects have been carried out. 31 However, a complete description of the CISS effect, which accounts for spin-dependent scattering processes within a standard first-principle approach, is currently not feasible. Hence the theoretical studies were divided here into two parts: (i) identification of the favored adsorption sites, their electronic structure, as well as the strength of spin−orbit coupling in [7] H by using spin-resolved DFT calculations 31 and (ii) providing an estimate of the spin polarization by using a previously proposed phenomenological model. 13, 14 Because the latter is now guided by DFT calculations, it is put on a more solid ground than previous attempts.
13 −15 Figure 3a shows the adsorption configuration and the binding energy of [7] H on all three substrates. As recently calculated for pentahelicene on Cu(111), [7] H binds to the surfaces such that the three proximal C 6 rings are oriented parallel to the surface. 32 This binding geometry has also been found experimentally by X-ray photoelectron diffraction for enantiopure [7] H on Cu(111) and Cu(332). 23 The binding energy E BE is computed as the difference between the total energy of the helicene plus substrate system (E Sub+Hel ) and the individual total energies of the isolated substrate (E Sub ) and helicene (E Hel ) molecule: E BE = E sub+Hel − E Sub − E Hel . A binding energy of E BE = −2.22 eV on Cu(332) indicates a much stronger bond than on Ag(110) and Au(111), where [7] H binds with E BE = −1.43 and −1.46 eV, respectively. The calculated binding energy of helicene on copper compares well with a previous thermal desorption experiment for [7] H on Cu(111), from which a binding energy of about E BE = −2 eV was estimated. 33 The density of states (DOS) within an energy interval ranging from −4.5 to +6.0 eV with respect to the Fermi energy (E F ) is shown in Figure 3b . The Fermi energy was computed self-consistently for the simulation supercell for each adsorbate geometry (helicene plus substrate). The energetic positions of the occupied and unoccupied molecular states of the isolated helicene are highlighted by horizontal bars on the right-hand side of Figure 3b . Because of the strong binding energy to copper and partial hybridization of states, the electronic spectrum of helicene deviates significantly from the free molecule. The different relative positions of the Fermi energy are caused by different hybridization of the molecular states with the metallic substrate states and weak charge-transfer effects from the substrate to the molecule, resulting in the Fermi level lying closer to the LUMO level for copper and silver. With an experimentally determined work function for [7] H/Cu(332) of Φ ≈ 4.65 eV, it is evident that the UV radiation employed (hν = 5.83 eV) does not emit electrons out of occupied [7] H states; see the SI and SI Figure S3 . Figure 3c shows the charge density distribution of selected molecular orbitals of [7] H: HOMO, LUMO, and LUMO+9. While all states show electron densities along the helical backbone of the molecule, the HOMO and LUMO states, for instance, also possess a charge density distribution that directly connects the lower and upper forks of the molecule. Within a simple semiclassical picture, different orbital symmetries will a Values are given in %; ΔP Z = P Z (P) − P Z (M) Figure 3 . (a) Adsorption configuration and binding energies for [7] helicene deposited on Cu(332), Ag(110), and Au(111). (b) Projected electronic density-of-states and energetic positions of molecular orbitals. (c) Orbital representation of selected electronic states of [7] helicene.
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Letter have a non-negligible impact on the size of the spin polarization, for example, through the influence of interference effects in the case of states with a nonvanishing amplitude along the helical axis.
In the present experiments, where the photoelectrons travel above the vacuum level, the spatial structure of the high-lying states is especially crucial. There, the electrons are expected to take a helical pathway when propagating through the molecule. One should also notice that a different molecule−substrate electronic coupling leads to different alignment of the molecular orbitals with respect to the corresponding Fermi energy. Hence, depending on the substrate, the molecular orbitals probed in the scattering process for a given photon energy may have different symmetries. Although it is well known that standard DFT approaches are not accurate to describe unoccupied states quantatively, our DFT calculations aim mostly at (i) finding stable conformations of deposited helicene on Cu(332), Ag(110), and Au(111), (ii) determining the level alignment of the molecular orbitals with respect to the substrate Fermi level as well as disclosing the symmetries of relevant molecular orbitals, and (iii) estimating the contribution of spin−orbit interactions in the molecule. In this sense, the precise energetic position of the unoccupied states is not fundamental for the current discussion because they display similar spatial charge density distributions, which are not expected to become strongly modified by more advanced calculations of unoccupied states.
The influence of spin−orbit coupling (SOC) was analyzed in the framework of the Siesta code. 34, 35 Two contributions to the SOC were considered (see the SI and ref 31 for more details): a core−electron related term via pseudopotential, and a term arising from contributions of valence electrons, including the Hartree and the exchange-correlation potentials. While the former contribution is closer to the standard atomic SOC, the second involves the global molecular potential. To simplify the calculations, we considered an idealized 1D helicene "crystal" (an infinite helicene helix with an infinite number of turns) and obtained a spin−orbit splitting of up to 0.75 meV for the top valence band and 0.30 meV for the bottom conduction band. Considering the fact that helicenes comprise a hydrocarbononly system without any chiral centers, these rather large values should be related to the helical character of the system.
Inspired by the DFT studies, the spin polarization of electrons transmitted through the helical system was calculated via a general model Hamiltonian.
14 The model uses a coarsegrained representation of the helicene molecule, assuming within a quasi-classical picture that electrons are probing a helical pathway and that the overall molecular electrostatic potential U(r) induces a helical electric field E(r)= −∇U(r) responsible for the SOC. For the helical scattering pathway, a radius R 0 = 3 Å and a pitch of b = 3.5 Å was considered (see the SI and ref 14 for additional technical details and the formulation of the model).
Results for the spin polarization with an unpolarized incoming state for various numbers of helical turns L are shown in Figure 4 . The spin polarization displays, in general, relatively large absolute values reaching up to P Z = 10−15%; its sign, however, strongly varies as a function of the incoming electron energy. Similar qualitative results (not shown) were obtained for the case that in addition a transport pathway emerges along the helical axis. The peak structure of the spin polarization is closely related to the coherent nature of the electronic and spin transport and also reflects the presence of molecular resonances. Its energy sensitivity is expected to be much less pronounced in the case that dephasing becomes inportant because the interaction with a dissipative environment will strongly broaden the electronic states. In which case a larger spin polarization may result will strongly depend on the individual coupling parameters. Different numbers of turns (from L = 1 to L = 2 and 3) increase the spin polarization; there is, however, no clear energy-independent trend. For states below E = 0 (corresponding to the Fermi energy of the system) the sign can vary for different L. Above E = 0 the tendency is smoother and the spin polarization has mostly negative values (note that only the relative position of the states with respect to the Fermi level is relevant). The absolute bandwidths in these calculations are much less relevant because they depend on the choice of the nearest-neighbor coupling in the used tightbinding model.
For a single left-handed helical turn at E = +0.3 eV above the Fermi level a longitudinal spin polarization of P Z ≈ −3% and P Z ≈ +0.1% (not shown) is obtained for the pure helical as well as for the combined helical/straight electron paths, respectively. The size and sign of the polarization for the helical path is, despite the simplicity of the model, in reasonable agreement with the experimental results. The change in polarization when including an additional coupling along the helical axis may be related to quantum interference effects. Because in the coherent regime the polarization at each energy is sensitively depending on the transmission for spin-up and spin-down states, quantum interference effects can be expected to affect the polarization. In the present case, we found a sensitive suppression of the polarization. The role of interference effects requires, however, a separate study, also with energy-resolved experimental spin polarization data. Increasing the number of molecular turns increases the spin polarization up to |P Z | ≈ 10%. This clearly points to the importance of the helical field acting on the electrons during the transport process through the molecule to obtain efficient spin filtering. In these calculations a change of the helicity in both the quasi-classical electron path and the helical electric field causes a change of sign of the spin polarization.
A similar calculation was recently carried out within a different model by Sun and coworkers for eicosahelicene, that is, 20 [a,c]-annulated benzo rings with three full helical turns. 20 Using Buẗtiker probes for describing dephasing effects, a significant spin−orbit splitting of 5.1 meV, and a relatively large dephasing strength of 27 meV, they mimicked hopping-like motion through this aromatic π-conjugated molecule. In their model, dephasing effects were required to achieve any spin filtering. 16 Longitudinal spin polarizations up to P Z = 25% were obtained for electron energies between E = 0.5 and 1.0 eV below and above the Fermi energy. Importantly, Sun et al. found opposite spin polarizations for the enantiomers at same electron energies. However, their spin polarization changes sign over narrow intervals of ∼100 meV.
In conclusion, we have shown experimentally for the first time that the direction of preferentially transmitted longitudinal electron spin depends on the sign of the helicity of a chiral molecule. Density-functional-based calculations provided an order of magnitude estimate of the spin−orbit coupling strength in helicene, supporting previous values used in model Hamiltonian calculations. 13, 14 Subsequent model calculations, assuming that spin−orbit interaction induced by a helical electric field is the major source of spin polarization, agree qualitatively with the observed experimental results in terms of the connection of the polarization to the molecular helicity as well as the spin direction of electrons and the magnitude of the polarization. Beyond the previously studied molecules, such as DNA, bacteriorhodopsin, and oligo-peptides with rather low hopping-type conduction, it is shown here that transmission through a molecular monolayer of an aromatic helical molecule with high conductivity leads to substantially spin-polarized electrons. The fact that the values of the spin polarization are very similar for the three substrates with very different spin−orbit coupling strengths provides a strong demonstration that the dominant factor for spin filtering is the chiral system and not, for example, spin−orbit coupling effects with the substrate as previously suggested.
■ EXPERIMENTAL METHODS
Experimental details can be found in the Supporting Information. For spin measurements the fifth harmonic of a neodymium laser at λ = 213 nm (hν = 5.83 eV) and for ultraviolet photoemission its ninth harmonic at λ = 118.2 nm (hν = 10.5 eV) were employed. The samples were prepared and measured in ultrahigh vacuum with a residual pressure of 10 −9 mbar. The photoelectrons from the sample with energies up to 1.15 eV were collectively drawn into a 90°bender. The electron spin state was analyzed with a Mott polarimeter, accelerating the electrons to 50 keV. 7 For the histograms in Figure 2 , we recorded 120 spin polarizations from (M)-|7|H/Cu(332) and 76 spin polarizations from (P)-|7|H/Cu(332). The given experimental accuracy of the spin polarization is obtained from the standard deviation of the mean of the spin polarization. [7] H was sublimated at 160°C for up to 35 min from an evaporation cell (Kentax, TCE-BSC) and deposited onto the respective single crystal, which was kept at a temperature of 200°C. Heating above 125°C leads to the desorption of all multilayers of [7] H. 33 An aperture in front of the single crystal prevented condensation of [7] H onto the molybdenum reference sample.
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Spin polarization measurements of monolayers of (M)- [7] H and (P)- [7] H on Ag(110) and on Au(111) as well as on the clean Ag(110) and Au(111) surfaces. UPS on [7] 
